On the basis of long-term experience with the preservation of the pathogenic bacteria of the Czechoslovak National Collection of Type Cultures, it is concluded that the suspending medium is a factor of primary importance in the preservation of these organisms in the freeze-dried state. The primary index of suspending medium effectiveness is the level of protection it affords against the adverse effects of low (subzero) temperatures, dehydration, long-term storage, and rehydration. A number of simple and compound suspending media were studied for their protective effects on cultures from over 50 genera of predominantly pathogenic bacteria. The results indicate that not only each bacterial genus and species but also frequently every strain of a given serological type must be looked upon as a distinct biological entity, the preservation of the viability, activity, and desirable characters of which must be tested in different protective media in preliminary experiments. Heat testing (at 75 to 100 C) of freeze-dried cultures kept under high vacuum is recommended as a good indicator of adequate protection provided by a suspending medium. With the freeze-drying technique used, the best results for the largest number of species were obtained with a mixture of calf serum or defibrinated sheep blood and lactose solution (to a final concentration of 5 to 10%) and Annear's peptone-containing medium. Individual suspending media were evaluated in relation to individual strains, and recommendations are made as to the preferred medium on the basis of control tests performed at 5-, lo-, and 15-year intervals.
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Twenty-five years have elapsed since the establishment of the Czechoslovak National Collection of Type Cultures (CNCTC) at the Institute of Epidemiology and Microbiology (in 197 1, the Institute of Epidemiology and Microbiology became a part of the newly established Institute of Hygiene and Epidemiology under the name Center of Epidemiology and Microbiology). At present, the CNCTC contains over 7,000 strains of bacteria, viruses, and fungi, the majority of which have been successfully preserved by the relatively modern method of freeze-drying, first employed at the CNCTC in 1948. The freeze-drying technique has made important headway both in Czechoslovakia and abroad (16) , the continuing refinement of this technique having proceeded along the lines of improvements in the freeze-drying apparatus (19) and in the suspending media used for freeze-drying ( 1 , 4 , 6 , 7, 9, 10, 12, 20, 2 1) .
A number of laboratories have recently summarized their long experience with freezedrying as applied t o the preservation of microorganisms (3, 5, 9, 10, 17) and by so doing have provided valuable information for culture collections and other laboratories interested in microorganism preservation. We present our experience on the preservation of the pathogenic bacteria maintained and stored at the CNCTC and of various recently isolated bacteria maintained at the National Reference Laboratories of the Institute of Hygiene and Epidemiology (22) . Preservation procedure. The preservation procedure consisted basically of the following steps: (i) homogenization of the bacterial culture in the suspending medium; (ii) freezing of the suspension in dry ice; (iii) dehydration of the frozen suspension; (iv) sealing of ampoules under vacuum; (v) purity and viability assays; (vi) storage of ampoules under constant conditions.
MATERIALS AND METHODS

Bacterial
The bacterial cells were normally homogenized either in 2 or 3 drops of suspending medium pipetted into small ampoules or in a large quantity of suspending medium, small volumes of which were then distributed into small ampoules. These ampoules were stoppered with cotton plugs. Any other procedures used are described directly in connection with the cultures concerned. A system of double ampoules was employed, the internal (small) ampoule being 6 by 40 mm in size and the external (large) one being 9 by 180 mm.
Freezing was most often performed directly in dry ice (-78.5 C), with a mean temperature drop of 1 C/lO s. In special cases (Francisella tularensis and Yersinia pestis), freezing was accomplished in an alcohol bath adjusted to the desired temperature with dry ice (-10, -20 C, etc.). The freezing period lasted 45 min. In certain instances (as with Vibrio cholerae, Neisseria gonorrhoeae, and Clostridium perfringens), the cultures were dried from the liquid rather than the frozen state.
The method of freeze-drying used was one easily accessible to most laboratories. The simple freezedrying device consists of a Vacuum desiccator and a vacuum pump with an effect of l o -, to torr. In addition, a special freezedrying apparatus (model "Lyovar T" Secfroid, Lausanne, Switzerland) was employed in those cases where it was necessary to avoid the thawing of the frozen culture a t the start of the drying process (as was the case when peptone and high sugar concentrations were used). Cultures were dried by the batch method, the ampoules being placed in a container. Bubbling of the suspending medium was prevented by using a specially adjusted perspex chamber as the container (diamater 14 cm, height 14 cm) which was cooled at the beginning of freezedrying for a period of 1 to 2 h with dry ice placed in an aluminum box beneath the chamber.
When cultures were dried without freezing, the drying was performed in a desiccator initially by using a suction and pressure pump giving a normal vacuum better than 60 torr for 2 to 3 h, and then by using a vacuum pump giving l o -, torr for 3 to 5 h.
In these cases, the ampoules were kept overnight in the desiccator in the presence of fresh P,O, under va cu um .
The day after the drying, the small ampoules containing the dried cultures and moisture indicators (filter paper strips impregnated with a 3% CoC1, solution and dried in streaming air) were placed in the outer ampoules which, after constriction and 15 to 25 min of air evacuation, were sealed under vacuum by flaming. The tips of the ampoules were immersed in a special wax "Microcer IMP 11" (a refined mixture of solid paraffin and isoparaffin hydrocarbons, produced by Chemickg Zivod, &dlochovice u Brna, Czechoslovakia) which forms a "cap" that protects the thin tips of the ampoules against damage. When evacuation was performed without freezing, or when the "Lyovar T" apparatus was used for freezedrying, the cultures were dried on the first day for 5 to 6 h and then again on the second day for 7 or 8 h. The ampoules were sealed in the same manner as above on the third day.
The freezedried cultures were checked for purity and viability after 1 or 2 weeks by seeding, after rehydration with broth, onto nutrient agar and into an appropriate liquid medium provided that the filter paper strips had remained blue in the unopened ampoules, an indication that the ampoules contained no leaks.
The ampoules were stored at laboratory, or any cooler, temperature (preferably 4 C) in the dark.
Suspending media. The following media, affording varying degrees of protection for different organisms, were used to suspend the cells for freeze-drying. Medium 1. Medium 1 consisted of normal clear calf serum inactivated at 56 C in a water bath for 45 min. Our first freeze-dryings were performed with equine or bovine serum.
Medium 2. Medium 2 was calf serum plus lactose: after sterilization a t 100 C (in running steam for 20 min on 3 consecutive days), a 10% (L 10) or 20% (L 20) lactose solution in distilled water was diluted with an equal volume of calf serum. Four percent of gelatin was added when freeze-drying H. influenzae.
Medium 3 . Medium 3 was defibrinated sheep blood plus lactose: a 10% sterile solution of lactose with 2% gelatin in distilled water was mixed with an equal volume of blood.
Medium 4. Medium 4 consisted of skim milk (Difco): a 10% solution of skim milk in distilled water (pH adjusted t o 7.3 to 7.4) was sterilized at 100 C in running steam for 20 min on 3 consecutive days.
Medium 5. Medium 5 was modified Annear's medium (1): 6% peptone, 0.5% soluble starch, 1% sodium glutamate, and 1% gelatin dissolved in hot distilled water. The pH was adjusted to 7.2 t o 7.4, and the medium was sterilized in the autoclave (120 C for 20 min).
Medium 6. Medium 6 was sucrose plus gelatin: a mixture of 10% sucrose and 1% gelatin was dissolved in distilled water. The pH was adjusted to 7.2 to 7.4, and the medium was autoclaved (120 C for 20 min).
Medium 7. Medium 7 consisted of cystein HC1 (0.5%) plus tryptophan (0.1%) plus lactose (0.5%). These were dissolved in physiological saline, the pH was adjusted to 7.2 to 7.4, and the medium was sterilized in running steam (20 min on 3 consecutive days).
Medium 8. Medium 8 was Naylor medium (12), consisting of dex trin (2%), ammonium chloride (0.5%), and thiourea (0.5%), dissolved in physiologic saline. After adjusting the pH (7.2 to 7.4) and autoclaving, a sterile solution of 0.5% ascorbic acid was added under aseptic conditions. In some cases the SOUREK INT. J. SYST. BACTERIOL. medium was modified in that dextrin was replaced by lactose (2%). Sometimes 5 drops of 0.1% methylene blue (as redox indicator) were added per 5 ml of this medium.
Control tests included experiments to study the effect of various substances on the viability of freeze-dried organisms. These substances were, e.g., different concentrations of glycerin, dextran (6%), potato extract with glycerin, or a solution of starch (2%) in saline with veronal buffer.
All suspending media were divided into suitable volumes (ca. 3 ml) and then sterilized and stored in the refrigerator as long as they remained clear and without any apparent change (ca. 2 to 3 months).
Heat tests. The protective effect of the suspending medium on the freeze-dried organisms was checked at temperatures of 75 and 100 C, as a rule within 1 or 2 weeks after freeze-drying. The freeze-dried cultures (under vacuum) were heated for 30 min in a water bath. The moisture indicator was checked before and after the heating; if dehydration was complete, the indicator did not change color. After cooling the ampoules to laboratory temperature, the cultures were tested for purity and viability in the usual manner.
RESULTS
Freeze-drying in the suspending media studied confirmed that the protective effects of proteins (serum, blood), carbohydrates (lactose, sucrose, starch), and their mixtures present a heterogeneous pattern. Microorganisms freezedried under standard conditions displayed, when tested at intervals of 1, 3, and 6 months and 1, 2, 3, 4, and 5 years, etc., growth of varying degree depending on the suspending medium employed. Often two or more media produced an equivalent protective effect, but it also frequently happened that only one medium preserved a particular characteristic of the strain, such as pigment formation (Serratia) or motility (Proteus), or favored a particular growth form, e.g., the M form (Klebsiella) or S form (Salmonella), etc. Other markers were the intensity of primary culture growth on nutrient agar and colony size and shape in relation to cell morphology and biochemical and serological properties of the culture. Some of the original properties which had partially been suppressed or activities that had been retarded by the freeze-drying could be revived t o their normal values on repeated subculture. Our results with freeze-drying pathogenic and some other medically relevant bacteria as gradually obtained in the course of 26 years are summarized in Table 1 
Haemophilus influenzae. Optimal growth obtained after 24 t o 48 h of cultivation in enriched broth. After resuspending the blood cells, the culture was placed in small ampoules and mixed with an equal volume of suspending medium enriched with 4% of gelatin. Positive growth after the heat test at 100 C was obtained only from cultures grown in peptone (medium 5 ) . Haemophili are highly sensitive t o residual moisture, and therefore the humidity indicator must remain blue throughout storage.
Mycobacterium tuberculosis, M. bovis, M. microti, M. avium, and atypical fast-growing m yco bac t er ia (photochromogens, scotochromogens, and nonchromogens). These organisms have no special requirements for freeze-drying, as shown by viability tests after 12 t o 16 years of storage of cultures that had been suspended merely in a water solution of 1 % sodium glutamate. The cultures retained their characteristic features. Decreased growth was obtained with skim milk (medium 4), starch, serum, and peptone (medium 5 ) ; a number of strains gave very poor growtb in Lowenstein medium. Growth studies in Sula liquid medium showed that skim milk (4), lactose plus serum (2), and lactose plus blood (3) support pellicle formation even in strains normally growing only in a sediment. Cultures freeze-dried with sheep blood, dextran, or glycerin generally produced turbid growth when revived; this particularly applies to the mammalian mycobacteria. Atypical mycobacteria fully retained their pigmentation intensity and colony morphology. Data on these items will be published in greater detail separately .
Streptococcus pyogenes. This microorganism possesses a broad spectrum of biologically active substances whose preservation frequently requires a special freeze-drying procedure. Although good results have been obtained with freeze-drying some types in serum alone (medium l), in that growth was obtained even The figures given do not represent mean values but interim values of culture viability. The different figures thus reflect the various times at which freeze-drying of the respective organisms was started. Previously, either the freeze-drying attempts had not been satisfactory (e.g., inadequate suspending medium had been used, as in the cases of Escherichia, Haemophilus, Pseudomonas, Salmonella, Shigella) or the cultures had not been available to the CNCTC. after more than 20 years, it appears that both bovine and equine sera contain a certain quantity of antistreptolysis 0, which appreciably reduces streptolysin 0 production, and may also contain undeterminable amounts of some antibiotics (9). To fully preserve the ability of streptolysin 0 production, our procedure consists of cultivation in Todd-Hewitt broth and resuspension of the sediment after centrifugation in calf serum (strains from clinical material) or peptone (streptolysin 0 producers). Where the objective is t o preserve a special property of the strain (e.g., "minute," MG, etc.), it is preferable t o use certain other suspending media, such as 2, L10, or 3. M-antigen preservation has been successfully effected as follows: a 4-t o 5-h-old culture grown in Todd-Hewitt broth enriched with 20% of calf serum was frozen as usual and directly freeze-dried in small amounts. Control tests carried out after 7 years have so far been highly satisfactory .
A somewhat different mode of freeze-drying has been chosen for L forms in view of their fragility. A 4-day-old broth culture (brain heart infusion [ Difco] , enriched with yeast extract or tryptic soy broth, either medium supplemented with 10% of calf serum for tissue cultures and several antibiotics) is distributed in 1-ml volumes into ampoules, frozen, and freeze-dried (Lyovar T). Viability of freeze-dried L-forms has so far been reliably verified after 5 years of storage.
DISCUSSION
It is our opinion that the suspending medium is the most important factor in preserving the viability and biological activity of freeze-dried cultures. Animal serum, previously employed as the "most suitable" medium, has manifested a number of nonspecific detrimental effects on viability in the course of time. To date, efforts to find a "universal" medium for all pathogens have failed (1, 9, 10) . The question of the protective effects of different suspending media has long been the subject of study, and the results reported here have reaffirmed that different suspending media provide varying degrees of protection for different microorganisms. Preliminary experiments, including heat tests, are helpful in establishing the optimal protection medium, especially for highly fragile strains or for strains on which there is little information on their preservation.
The basic criteria for determining the protective value of any suspending medium can be summed up as follows: (i) protection against the effect of low temperature (-78.5 C to -200 C) during rapid prefreezing; (ii) protection against dehydration effects (during slow drying); (iii) protection against high-temperature effects under high vacuum in relation t o residual moisture; and (iv) protection against the effects of rehydration. The protective effect is expressed in terms of the partial properties of each individual component of the suspending medium, namely, solubility and stability in solution, rapid dehydration under vacuum without liquefaction, ready solubility at reconstitution of dry matter, and the antioxidant equilibrium (23). Maximal solubility of the individual components and their stability in the solution insure, together with the soluble substances of the microbial cells, that a film of colloidal material forms around the cells, protecting them against the unfavorable influences of the various external changes that occur in the course of freezing, drying, and possibly storage (1 5 ) . The choice of suspending medium is a matter of much consequence, and, in bacteria with certain labile properties of interest, preliminary experimentation is indicated.
In freeze-drying a grown culture which was previously freeze-dried, a decision must be made as to whether an identical or a different suspending medium will be used. Our experience t o date has been very good using the same medium as initially employed; however, much more experience must be gained before the use of a different medium in subsequent freezedryings can be evaluated. If the primary culture grown after the rehydration displays all the desirable properties, the subsequent freezedrying is performed directly from this culture; otherwise the culture is first subjected to at least one cycle of growth.
In the course of the freeze-drying (or drying) process, some occurrences may markedly influence culture viability and must be avoided or immediately counteracted. At the beginning of drying and later during evacuation, the bacterial suspension must not dissolve (or bubble in drying). If dehydration is done properly, one may observe drying taking place progressively from the suspension surface downward; a color change is also noticeable. The formation of dry matter all along the small ampoule in the form of a glossy film or its accumulation in the cotton-wool plug is, as a rule, a sign of improper dehydration. Good results are only obtained when the dried suspension is deposited at the bottom of the ampoule in the shape of a ' ' plug. ' ' Dehydration is considered t o be most efficient if carried out for the shortest possible time, for it avoids the untoward effects that occur during slow dehydration (16) . Only if a culture is freeze-dried in a Lyovar T apparatus (freezing applied from below) or is merely dried (without freezing) is it recommended t o carry on the evacuation to the next day and seal the culture on the third day.
The humidity indicator should not change color after sealing the ampoule. A color change signifies either that the residual moisture has increased (above 2%) or that the ampoule has been mechanically damaged (most probably at the seal).
In rehydrating freeze-dried cultures, it is preferable to use broth rather than physiologic saline or distilled water despite dissolving being more rapid in the latter two media. The use of broth has given very good results in experiments carried out in our laboratory, and our results are in good agreement with the findings of other authors (20) . Viability tests should be performed at various time intervals.
Our long-term experience has shown that data relating to the suitability of suspending media for cultures maintained in collections are generally also valid for freshly isolated cultures in their first or second passage. This statement is based on information supplied by the National Reference Laboratories for Streptococcus, Salmonella, Shigella, Staphylococcus, Bordetella, Haemophilus, and others plasma, Neisseria, Yersin ia, Vibrio )
Institute of Hygiene and Epidemiology.
